The use of Ge nanostructures is investigated for the metal-catalyst-free growth of silica nanowires and carbon nanotubes (CNTs). Silica nanowires with diameters of 10-50 nm and lengths of ≤ 1 µm were grown from SiGe islands, Ge dots, and Ge nanoparticles. High-resolution transmission electron microscopy (HRTEM) and energy dispersive X-ray spectroscopy (EDS) reveal that the nanowires grow from oxide nanoparticles on the sample surface. We propose that the growth mechanism is thermal diffusion of oxide through the GeO 2 nanostructures. CNTs with diameters 0.6-2.5 nm and lengths of less than a few µm were similarly grown by chemical vapor deposition from different types of Ge nanostructures. Raman measurements show the presence of radial breathing mode peaks and the absence of the disorder induced D-band, indicating single walled CNTs with a low defect density. HRTEM images reveal that the CNTs also grow from oxide nanoparticles, comprising a mixture of GeO 2 and SiO 2
Introduction
Recently, nanowires and nanotubes are attracting a lot of interest because of their potential uses in nanoelectronic and optoelectronic devices. Silica nanowires have potential applications in Si-based optoelectronics, where for example they could be used as on-chip optical interconnects or light emitters. 1) Interest in this latter application has been fuelled by the discovery of stable and strong blue light emission from silica nanowires. 1) Intensive research has been carried out on the growth of silica nanowires using techniques such as pulsed laser ablation, 2) catalytic chemical vapor deposition (CVD), 3) and carbothermal reduction. 4) At the same time, the growth mechanism has been investigated and several growth models have been proposed, such as the vapor-liquid-solid (VLS) model, 1, 5) the vapor-solid (VS) model, 6) and the solid-liquid-solid (SLS) model. 7) However the growth mechanism is still poorly understood.
Carbon nanotubes (CNTs) have also been receiving considerable attention due to their potential for applications such as flexible thin-film transistors, 8) chemical sensors, 9) and nanomemories. 10) The interesting combination of silica nanowire waveguides, CNT devices, and complementary metal-oxide-semiconductor (CMOS) has the potential to deliver advanced CMOS integrated optoelectronics systems. The growth of nanowires and CNTs traditionally involves the use of metal nanoparticles as a catalyst. However, the integration of metal catalyzed growth with the front end of a CMOS manufacturing process is problematic due to the metal contamination. Transition metals such as Fe and
Ni create deep levels in the Si bandgap which act as recombination centers just like Au.
To reap the maximum benefits of Si very-large-scale integration (VLSI) technologies, metal-catalyst-free growth of nanowires and CNTs is required for compatibility with 2 CMOS front end processing. An approach using SiC has been proposed as one solution for avoiding metal contamination, 11, 12) but this technique requires expensive SiC substrates and high temperature annealing over 1500°C. Our earlier work demonstrated that silica nanowires and CNTs could be grown on SiGe substrates, 13) but the mechanism of the growth was not clear because the use of a continuous SiGe layer made it difficult to identify surface features that might give rise to the nucleation of the silica nanowires or CNTs.
In this paper, the growth mechanisms of silica nanowires and CNTs from different Ge nanostructures are investigated. A comparison is made of silica nanowires and CNTs grown from a SiGe layer, Ge dots and Ge nanoparticles produced by ion implantation and thin film deposition. The nanowires and CNTs are characterized using field-emission scanning electron microscopy (FE-SEM), high-resolution transmission electron microscopy (HRTEM), energy dispersive X-ray spectroscopy (EDS), photoluminescence (PL) spectroscopy, and Raman spectroscopy. HRTEM measurements reveal that the nanowires grow from oxide nanoparticles on the sample surface, and hence we propose that the growth is associated with the thermal diffusion of oxide through the Ge nanostructures. Raman measurements on the CNTs show that the radial breathing mode (RBM) peaks are present and the disorder induced D-band is absent, indicating single walled CNTs (SWNTs) with a low defect density. HRTEM measurements reveal that CNTs also grow from the oxide nanoparticles. Ge nanoparticles were also produced by depositing a 3-nm-thick Ge layer on SiO 2
Experimental Procedure
by either sputtering or evaporation. The nanoparticles were formed during an anneal at 850°C for 20 min in a mixture of Ar (1000 sccm) and H 2 (300 sccm) after a pre-anneal in H 2 (1000 sccm) at 950°C. AFM measurements show that the particle heights lie between 0.6 and 2.2 nm and that the mean particle density is 450 ± 20 particles/µm 2 .
Silica nanowires were grown from these Ge nanostructures at a temperature between 850 and 1000°C in Ar/H 2 (1000/300 sccm) for 10 min using a hot-wall reactor at atmospheric pressure. CNTs were grown by thermal CVD using a mixture of CH 4 /H 2 (1000/300 sccm) after silica nanowire growth, which was performed by annealing in either Ar/H 2 (1000/300 sccm) or H 2 (1000 sccm) at a temperature between 850 and 1000°C. A typical CNT growth condition was 850°C for 20 min.
The synthesized nanowires and CNTs were observed by means of FE-SEM and HRTEM. TEM sample preparation consisted of scraping the sample surface with a surgical blade and transference onto a carbon-coated Cu grid. The chemical compositions of the SEM and TEM samples were analyzed by EDS. The PL measurements were carried out using a Xe lamp (250 nm) as an excitation light source.
Raman spectroscopy was performed using a micro-Raman system with excitation wavelength of 532 and 633 nm. are not visible. This result suggests that there is little Ge in the nanowires, although we cannot discount the possibility that a small amount is present because EDS is not able to detect the presence of Ge at levels less than about 1%. Although the spot size of the EDS electron beam is slightly larger than the nanowire size and consequently it is difficult to carry out quantitative analysis, the presence of oxygen is established by the presence of a peak that is clearly distinguishable from the background. To confirm this conclusion, Fig. 2(c) shows an EDS spectrum for a region of the sample without nanowires [circled and marked #2 in Fig. 2(b) ]. In this case, it can be seen that there is no evidence of an oxygen peak. The large Si signal arises from the underlying substrate and hence it is not possible to unambiguously determine whether the oxide nanowires contain Si. However, the lack of a distinct Ge peak in Fig. 2(a) suggests that the nanowires do not contain large amounts of Ge. nanowires. All of the nanowires were isolated and did not form bundles. These observations are consistent with the conclusion that the nanowires are formed from an oxide. The mechanism of the growth is discussed later. Figure 4 shows the PL spectrum of the nanowires from a region of a sample containing high density nanowires, similar to that shown in Fig. 1(c) . Strong blue-green light emission at 490 nm is seen. Repeated measurements were made in different regions of the sample and the 490 nm peak was consistently seen in areas containing high density of nanowires, but not seen in areas where no nanowires were present. Lin et al. 4) reported that SiO 2 nanowires had a similar blue-green light emission at 500 nm due to the neutral oxygen vacancy in silica. He et al. 18) reported that SiGe oxide nanowires exhibited blue light emission with a peak at 415 nm whereas their silica nanowires exhibited a peak at 470 nm. These results suggest that our nanowires are silica nanowires rather than SiGe or Ge oxide nanowires. Figure 5 shows a Raman spectrum from a region of a sample containing high density nanowires, similar to that shown in Fig. 1(c) . The spectrum shows the presence of a sharp peak at 485 cm -1 in addition to the Si peak at 520 cm -1 . The Raman measurements were made several times on the same sample and these two peaks were consistently seen in regions of high nanowire density, but not seen in regions where no nanowires were present. Similar Raman peaks around 460 cm -1 have been reported in the literature for silica nanowires.
Results

Silica nanowires grown from Ge dots
1) The Raman peak for silica nanowires tends to occur at a smaller wave number than that of bulk non-crystalline SiO 2 which is around 500 cm -1 . 19) These results, together with the EDS results in Fig. 2 and the PL results in Fig. 4 , lead us to conclude that our nanowires are comprised primarily of silica. 
Silica nanowires grown from Ge nanoparticles
To further investigate the role of Ge and oxygen in the growth of silica nanowires, we have directly fabricated Ge nanoparticles in two ways. The first method uses Ge implantation into a SiO 2 layer and subsequent annealing at 600°C to form Ge nanoparticles. The Ge nanoparticles are then removed from the SiO 2 layer using an HF vapor etch. The second method uses a thin Ge film deposited on a SiO 2 layer and subsequent annealed at 950°C to produce the Ge nanoparticles. Figure 6 shows FE-SEM images of silica nanowires grown from Ge nanoparticles produced by Ge implantation Experiments showed that the nanowires were eliminated by an etching in HF vapor and hence it can again be concluded that the nanowires are composed of oxide. As the Ge nanoparticle sizes are similar for both methods (Table I) , this difference in nanowire geometry is probably associated with the different substrate type (Si and SiO 2 ). For the samples prepared using Ge implantation, the oxygen feedstock could come from both the native oxide on the Ge nanoparticles and/or the native oxide on the Si substrate. The
Si feedstock could come from the Si substrate. For the samples prepared by Ge thin film deposition, the oxygen feedstock could come from both the SiO 2 substrate and/or the native oxide on the Ge nanoparticles. The Si feedstock could come from the SiO 2 8 substrate. The results in Fig. 6 suggest that a Si substrate is a more effective than a SiO 2 substrate to grow silica nanowires. Figure 7 shows FE-SEM images of CNTs grown from different Ge nanostructures. Figure 8 shows Raman spectra corresponding to the sample in Fig. 7(d) . The Raman spectrum in Fig. 8(a) Fig. 8(b) . This indicates that the CNTs have a low defect density. Raman spectra on CNTs grown from SiGe islands and
Carbon nanotubes grown from Ge nanostructures
Ge dots also showed that the disorder induced D-band was absent. 13, 14) To investigate the mechanism of CNT growth from the Ge nanoparticles, the ends of CNTs were observed by HRTEM and a selection of typical results is shown in Fig. 9 .
We have occasionally seen CNTs grown from the nanoparticles with a diameter around 20 nm as shown in Fig. 9(a) . This is surprising given that we would expect Ge nanoparticles with diameters less than 5 nm to be necessary for the growth of shows an X-ray diffraction pattern from the nanoparticle, which confirms that the nanoparticle is amorphous. To investigate the composition of the amorphous nanoparticles, Fig. 10 shows EDS results for the region containing the amorphous nanoparticles. A CNT is grown from the large nanoparticle again. Peaks can be seen for Si, Ge and oxygen, indicating that the nanoparticles are likely to be an oxide, probably comprising a mixture of GeO 2 and SiO 2 . The other peaks for carbon and Cu come from the carbon coated Cu grid.
Discussion
Our experiments on the growth of silica nanowires from different Ge nanostructures have shown no evidence of metal catalyst particles at either ends of the silica nanowires (Fig. 3) . We can therefore conclude that the growth mechanism of the silica nanowires does not follow a regular VLS model 1) arising, for example, from unintentional metal contamination. However, for all four types of Ge nanostructure, a high temperature anneal over 850°C is required to grow the nanowires.
The results in Fig. 10 showed that the nanoparticles were an oxide comprised of a mixture of GeO 2 and SiO 2 . One possible mechanism by which silica nanowires could grow from an oxide layer is that reported by LeGoues et al. 21) who showed that Ge has a catalytic effect on the oxidation of Si at high temperatures over 800°C. When a Si substrate and GeO 2 nanoparticles are close to each other, Ge atoms are replaced by Si atoms to form SiO 2 . A continuous supply of both Si and oxygen sources would then provide the feedstock needed for the silica nanowire growth.
2) The PL measurement result in Fig. 4 indicates that our nanowires are silica nanowires rather than SiGe oxide nanowires. This result is consistent with a mechanism of the oxidation induced Ge condensation method which is commonly used to form a relaxed SiGe layer for high-performance CMOS. 22) An alternative mechanism for the silica nanowire growth could be the carbothermal reduction 23, 24) of GeO 2 . This mechanism is consistent with the result that a carbon implantation is needed for silica nanowire growth from SiGe islands and Ge dots. However it is not consistent with the results for silica nanowire growth from Ge nanoparticles, where a carbon implantation was not necessary. While we cannot completely eliminate the possibility of unintentional carbon contamination in the latter samples, there is no direct evidence from our results to support this . From these results, we speculate that once the oxide nanostructures have melted during the pre-annealing and formed a wetting layer, decomposed feedstock is absorbed into the wetting layer and precipitated as a carbon cap around the nanostructure, which then grows to form CNTs. In our earlier work on CNT growth using Ge nanoparticles, a higher CNT density was obtained after silica nanowire growth, 15) indicating that the growth of CNTs may be influenced by the presence of oxide nanowires. This trend is in good agreement with the recent experimental results of Liu et al. 25) and Huang et al. 26) who reported on CNT growth from oxide nanoparticles. They separately demonstrated CNT growth from SiO 2 nanoparticles formed by scratching the surface of a SiO 2 layer. Whilst the growth of CNTs is possible using this method, it is not a practical growth method for integrating CNTs into CMOS technology. Takagi et al. 27) reported that the yield of CNTs grown from Ge nanoparticles was higher than Si and SiC nanoparticles, suggesting that materials with lower melting points are more likely seeds for CNT growth. From this point of view, GeO 2 is more suitable for CNT growth than SiO 2 (melting point 1650°C).
Although further research is needed to integrate our growth method into a CMOS fabrication process, our results nevertheless demonstrate a practical method of growing
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CNTs without a metal catalyst.
Conclusions
We have developed metal-catalyst-free growth methods for silica nanowires and CNTs using Ge nanostructures. HRTEM measurements have shown that the silica nanowires have diameters ranging from 10 to 50 nm and lengths less than 1 µm and that the nanowires grow from oxide nanostructures on the sample surface. We propose that the growth is associated with the thermal diffusion of oxide through the GeO 2 nanostructures. CNTs with diameters in the range from 0.6 to 2.5 nm and lengths less than a few µm were also synthesized using CVD from Ge nanostructures. Raman measurements showed that the RBM peaks were present and the disorder induced D-band was absent, indicating SWNTs with a low defect density. HRTEM and EDS measurements revealed that the CNTs grow from oxide nanoparticles, comprised of a mixture of GeO 2 and SiO 2 . 
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